We have investigated the penetration response of confined ceramic targets impacted by Tungsten longrod projectiles in the so-called Lundberg test setup with the ceramic modelled using a mechanismbased constitutive model. The calculations accurately predict the three observed penetration regimes, viz. interface defeat, dwell followed by penetration and penetration with no/short dwell. More importantly, the calculations suggest that these regimes occur in both a ceramic target and a reference target where microcracking of the ceramic is artificially switched off. This is because penetration occurs by a spherical cavity expansion mechanism with the onset of continued penetration set by the attainment of either a critical size of a plastic or damage zone. The dwell time then correlates with the time required to establish this inelastic zone. The main influence of damage is to reduce the pressure required to setup this critical inelastic zone and thereby reduce the interface defeat velocity as well as increase the penetration rate for a given velocity above the interface defeat velocity. We further show that an increase in the downward force due to the backflow of the deforming impactor is not essential for a dwell regime to exist. The mechanism-based ceramic model includes three material length scales and we demonstrate that the penetration size effect reported in experiments is primarily associated with the length scale associated with rate dependent lattice plasticity and the critical size of the comminuted zone that is required to trigger granular flow. The material model is also used to probe the dependence of material properties such as strength and toughness on the penetration resistance. Two regimes of penetration, viz. a plasticity-dominated and a microcracking-dominated regime emerge from the calculations. These predictions suggest that increasing the strength rather than toughness of the Corbit-98 Alumina will have a greater beneficial influence on its penetration performance.
a b s t r a c t
We have investigated the penetration response of confined ceramic targets impacted by Tungsten longrod projectiles in the so-called Lundberg test setup with the ceramic modelled using a mechanismbased constitutive model. The calculations accurately predict the three observed penetration regimes, viz. interface defeat, dwell followed by penetration and penetration with no/short dwell. More importantly, the calculations suggest that these regimes occur in both a ceramic target and a reference target where microcracking of the ceramic is artificially switched off. This is because penetration occurs by a spherical cavity expansion mechanism with the onset of continued penetration set by the attainment of either a critical size of a plastic or damage zone. The dwell time then correlates with the time required to establish this inelastic zone. The main influence of damage is to reduce the pressure required to setup this critical inelastic zone and thereby reduce the interface defeat velocity as well as increase the penetration rate for a given velocity above the interface defeat velocity. We further show that an increase in the downward force due to the backflow of the deforming impactor is not essential for a dwell regime to exist. The mechanism-based ceramic model includes three material length scales and we demonstrate that the penetration size effect reported in experiments is primarily associated with the length scale associated with rate dependent lattice plasticity and the critical size of the comminuted zone that is required to trigger granular flow. The material model is also used to probe the dependence of material properties such as strength and toughness on the penetration resistance. Two regimes of penetration, viz. a plasticity-dominated and a microcracking-dominated regime emerge from the calculations. These predictions suggest that increasing the strength rather than toughness of the Corbit-98 Alumina will have a greater beneficial influence on its penetration performance.
Introduction
The application of ceramic-based armour ranges from protection of aircraft and personnel against small-calibre threats, to vehicle armour designed to defeat long-rod penetrators and shaped charges. A common experiment used in a laboratory setting to investigate the dynamic deformation/failure behaviour of ceramics involves impacting a specimen comprising a well-confined ceramic cylinder with a heavy metal long-rod penetrator as shown in Fig. 1a . Such setups, known in the literature as ''Lundberg tests'' [1] , are extensively used to study the dynamic penetration properties of ceramics over relatively long time frames. In such tests, the confinement prevents/reduces the macroscopic cracking of the ceramic target, and the statistical effects of cracking are minimised. Moreover, in these high velocity experiments, the loading due to the long-rod is primarily hydrodynamic [2] and thus relatively easy to characterise. impact site was observed in cross sections of ceramic targets subjected to impacts just below the transition velocity. Consequently, it is widely thought that dwell persists for the time needed for the ceramic to transition from an intact to a damaged state [7, 10, 11] . However, some ambiguities remain in this explanation which include that while micro-cracking has been observed in Silicon Carbide (SiC), no comminution occurred in Tungsten Carbide (WC), and Boron Carbide (B 4 C) targets even though they also display the phenomenon of dwell [4, 9] .
Cracking or more specifically cone cracking has been proposed to rationalise recent findings of a test structure size dependence of the penetration response. Lundberg et al. [12] performed penetration measurements on geometrically self-similar test setups where both the target and projectile were geometrically scaled. Their measurements of the interface defeat velocity of back supported, but otherwise unconfined SiC targets are plotted in Fig. 1c where the size of the setup is parameterised by the radius a of the long-rod. Size effects in the millimetre length scale were clearly observed, and Lundberg et al. [12] attributed this phenomenon to cone cracking of the ceramic target. In this hypothesis, the interface defeat velocity is set by the onset of cone cracking in the ceramic, which occurs at reduced pressure as the size increases. However, no computations of the penetration process have been reported to confirm this hypothesis.
Uth and Deshpande [13] performed scaled penetration experiments of the Lundberg test using vacuum grease for the target and water to provide the hydrodynamic loading. These experiments enabled the use of high speed video imaging to observe the key phenomena and demonstrated that the backflow of the impacting fluid due to deformation of the target resulted in an increase in the downward force, i.e. a strong fluid-structure interaction (FSI) effect. They then attributed the dwell time to the period required for the backflow to be established. However, the importance of such a FSI effect during ceramic target impact remains unclear.
The Lundberg test has been extensively analysed using phenomenological models of ceramics such as the Johnson and Holmquist (JH) [10] model. This model embodies a Drucker-Prager yield surface [14] that evolves with damage through the effective plastic strain (analogous to that in the Johnson-Cook model [15] for metals). The representation has multiple coefficients and exponents that require calibration through dynamic measurements and does not incorporate any microstructural characteristic (such as grain size) or other material properties such as toughness and hardness that influence penetration. Nevertheless, the model when used to simulate the Lundberg test does predict key phenomena including dwell followed by penetration. The model [10, 16] indicates that dwell ends when a critical level of target damage is attained and thus while appropriate for SiC may not be adequate for ceramics such as WC and B 4 C where dwell with no cracking is observed [4, 9] . Moreover, the Johnson and Holmquist [10] model is unable to link the penetration performance of ceramics with fundamental material properties such a hardness and toughness.
Deshpande and Evans [17] developed a mechanism-based model for the deformation and fracture response of ceramics. This was later extended by Deshpande et al. [18] to include granular flow. Gamble et al. [19] and Compton et al. [20] calibrated this model for a Corbit-98 grade Alumina and demonstrated its fidelity in predicting both the quasi-static and dynamic indentation response. Subsequently, Holland et al. [21] have used this model for investigating the perforation response of steel-alumina bilayers. Here we employ the extended Deshpande et al. [18] model to investigate the penetration of confined ceramic targets. The aim here is not to model the precise details of the experiments, of which there are many variants, but rather a generic situation in order to investigate the fundamentals of the mechanisms operative during the penetration of the ceramics. In particular, the study attempts to clarify the roles of (i) cracking and its relation to dwell; (ii) the observed specimen size effect and (iii) the influence of fundamental material properties such as hardness and toughness on the penetration resistance.
Model description
We analyse the so-called Lundberg problem of the penetration of a confined ceramic target by a Tungsten long-rod penetrator. There exist a range of variants of these tests including: (i) different ceramic materials including SiC, Alumina, WC etc.; (ii) tests with and without an outer steel confining casing; and (iii) tests carried out in either a reverse ballistic set-up where the target is fired onto the stationary long-rod or a forward ballistic situation where the initially stationary target is impacted normally and centrally at a velocity v 0 by a long rod of radius a, as sketched in Fig. 1a . The qualitative features of the short-time penetration responses are similar in all these tests and here the aim is to develop a physical understanding of the phenomena rather than analyse a particular test in detail. Thus, here we analyse a ''generic'' Lundberg test comprising a steel encased Alumina target impacted by a Tungsten long rod in a forward ballistic setting. While the reference material that is analysed is Alumina, the study also presents a parametric dependence of penetration response on material properties.
The axisymmetric problem analysed is sketched in Fig. 2a . It comprises a cylindrical ceramic target of height H and radius L encased in a high strength steel casing. This casing comprises three parts as shown in Fig. 2a : (i) a cylindrical jacket of inner radius L and thickness h S and (ii) top and bottom caps of thickness 2h T . These three parts are press-fitted together around the ceramic cylinder. The long rod first penetrates the outer steel confinement and then impacts the surface of the ceramic. Penetration of the outer casing results in small reduction in the velocity of the longrod and measurements are typically reported of the penetration into the ceramic as a function of time visualised by flash X-ray photographs [5] . Moreover, our aim here is to understand the process of penetration into the ceramics. Thus, we do not model penetration of the outer casing and report calculations where at time t = 0 the long-rod impacts the top surface of the ceramic at velocity v 0 (i.e. velocity v 0 should be interpreted as the velocity with which the projectile impact the ceramic surface having already eroded a hole in the outer casing). A central cylindrical hole of radius 2a [10] is thus included in the top cap to represent the cavity resulting from the initial penetration of casing by the longrod. Renström et al. [2] have shown that after a short initial transient (when shock effects are present), loading due to the Tungsten long-rod is purely hydrodynamic with the long-rod exerting a pressure p(r) on the target surface as sketched in the inset of Fig. 2b , where r is a radial distance measured from the central axis of the long-rod (Fig. 2a) . This loading is assumed to be hydrodynamic such that in terms of the non-dimensional radial co-ordinate
where ρ p = 17.7 × 10 3 kgm −3 is the density of Tungsten and the non-dimensional pressure p(r) is sketched in Fig. 2b . The calculations of Renström et al. [2] show that p(0) ≈ 1.2 (where the factor of 1.2 is due to compressibility and finite strength of the Tungsten) with the pressure decreasing with increasing r until p (2.5) ≈ 0.
We performed finite element (FE) calculations of the penetration by applying this pressure distribution on the surface of the ceramic as opposed to explicitly modelling the long-rod/target interaction.
The penetration calculations were performed using the explicit version of the commercial FE package ABAQUS. The axisymmetric problem analysed is sketched in Fig. 2a and is unrestrained in the [12] are shown for geometrically self-similar targets and long-rods parameterised by the long-rod radius a. Note that while (a) and (b) are illustrative sketches, data from [12] is re-plotted in (c). The target is discretised using a combination of 3-noded triangular and 4-noded quadrilateral elements with reduced integration. The mesh was graded such that both in the casing and target it was very fine near the imposed and coarsened away from the impact zone. The smallest element had leading dimensions ∼L/200. Mesh convergence studies confirmed that further mesh refinement did not change any of the reported penetration results by more than 2%. Hard contact was specified between all the press-fit surfaces in the model, viz. between the ceramic and the casing and between the three parts that formed the casing (the geometry of the casing parts is included in Fig. 2a ). The loading due to the Tungsten longrod is imposed by specifying the pressure (2.1) on the deformed surface of the target as sketched in the inset of Fig. 2b via the VDLOAD user subroutine in ABAQUS. Since the loading applied is a pressure, the imposed resultant tractions were normal to the deformed surface with this pressure only dependent on the radial position r of the surface point in the deformed configuration. This implies that the total downward force
imposed by the loading remains constant throughout the deformation history, i.e. any FSI effects due to backflow of the deforming Tungsten projectile are neglected. This is done so as to be able to investigate the effect of material and structural properties of the target without the complicating effects of FSI. The casing of the target is typically made from a high strength steel and is approximated here as an isotropic elastic solid of density 7850 kgm −3 , Young's modulus 210 GPa and Poisson's ratio 0.3. The ceramic on the other hand is modelled using a modified version of the mechanism-based ceramic model of Deshpande et al. [18] .
Overview of the ceramic constitutive model
Here we give a brief description of the mechanism-based ceramic constitutive model of Deshpande et al. [18] with an emphasis on the modifications to the granular plasticity aspect of this model implemented in this investigation. This constitutive model was implemented in ABAQUS as a user material model via the VUMAT functionality. The inelastic deformation of polycrystalline ceramics occurs by three primary mechanisms proceeding partially in series and partially in parallel (Fig. 3) . The ceramic is envisaged to contain a population of pre-existing flaws or heterogeneities that under stress can extend into microcracks. Before these microcracks form, plastic deformation can only occur by dislocation slip or twinning termed here as lattice plasticity. When microcracks grow and coalesce, the ceramic transitions into a granular medium comprising densely packed granules with dimensions typically dictated by the grain size. Thus, the total strain rateε ij of the ceramic is written as the sum of the elastic strain rateε Elastic deformation is assumed be governed by an isotropic Hooke's law with shear modulus G and Poisson's ratio ν that are not affected by the above three inelastic mechanisms. We proceed to briefly describe the constitutive relations forε p ij andε g ij with expression for some coefficients detailed in Appendix. Lattice plasticity: Plastic flow (due to dislocation motion and twinning) is assumed to be described by a viscoplastic relation with the von-Mises effective stress σ e governing the plastic strain rate and direction of plastic flow such thaṫ
whereε p e is the effective plastic strain rate. Noting that at low strain rates plastic flow is governed by the Peierls resistance while at high strain rates phonon drag is the rate limiting process, Deshpande et al. [18] proposed a piecewise phenomenological relation forε
whereε 0 ,ε t and n are a reference strain rate, the strain rate to transition to the phonon drag regime and a strain rate sensitivity exponent respectively while σ 0 (ε 
where ε 0 is a reference plastic strain at which σ 0 = σ Y . We emphasise here that in the phonon drag regime with σ e ≫ σ 0 , the plastic flow follows a linear viscous law such that σ e = ηε p e , where the viscosity
Under dynamic loading, this introduces a length scale ℓ p into the problem that characterises the plastic shock width. Dimensional analysis dictates that this shock width is given by ℓ p = η/(ρ∆v), where ρ is the density of the ceramic and ∆v the velocity jump across the shock. Microcrack evolution: The ceramic is assumed to contain an array of f microcracks per unit volume with each microcrack comprising two wing cracks of length l that develop from an initial flaw of radius c. The initial and current levels of damage are expressed
where α is a flaw orientation factor. The evolution of the wing cracks (and thereby the damage) is governed by the mode-I stress intensity factor K I at the microcracks. Deshpande and Evans [17] provided expressions for K I in terms of coefficients A, B, C and E (see Appendix for the relevant formulae), the mean stress σ m ≡ σ kk /3 and the effective stress σ e . In regime I, when the triaxiality λ ≡ σ m /σ e ≤ −B/A, the cracks are shut with friction preventing sliding and thus
2 )), friction cannot prevent crack face sliding such that
(2.8)
In regime III where λ ≥ AB/(C 2 − A 2 )) the crack faces lose contact resulting in
(2.9)
The wing cracks length grows at a ratel related to these stress intensity factors viȧ
where K IC is the mode I (short crack) fracture toughness of the ceramic whilel 0 is the crack growth rate at K I = K IC and m the rate exponent for crack growth. In Eq. (2.10) the crack growth speed has been limited to the shear wave speed. Since K I → ∞ as the cracks fully coalesce (i.e. when D → 1) we supplant the microcracking models with a granular plasticity model.
Granular plasticity:
The comminuted ceramic is modelled as a granular medium using a non-associated Drucker-Prager type constitutive law, with an effective stresŝ
where ω is the friction angle while the effective granular strain rate is related to the uniaxial compressive strength Σ c of the ceramic withε s the reference strain rate and s a rate exponent. We take s = 0.5 for σ m ≤ 0 so that we recover the Bagnold [22] rate sensitivity of a granular medium and s = 10 for σ m > 0 to ensure that granular plasticity has negligible rate sensitivity in the presence of tensile hydrostatic stresses. (The transition between these two regimes is implemented smoothly as specified in Deshpande et al. [18] .) Granular flow is assumed to be incompressible such that the granular strain rate follows from a relation analogous to Eq. (2. 
(2.14)
Dimensional analysis then specifies that under dynamic loading, there exists a length scale associated with granular plasticity given by 15) where ℓ g can be interpreted as the width of shock front associated with granular plasticity.
Non-local damage and granular plasticity
In the approach proposed by Deshpande et al. [18] both lattice plasticity and granular plasticity are active for all stress states expect that granular plasticity becomes dominant in the fully comminuted state. This is accomplished by decreasing Σ c with increasing D, i.e. the damage parameter D calculated from the microcracking model serves to set the strength for granular flow. Deshpande et al. [18] used the local damage variable D but here we propose a non-local variant of their model based on the integral formulation as proposed by Bažant and Jirásek [23] , Tvergaard and Needleman [24] and many others. There are two key reasons to make this modification: (i) Microcracking results in the formation of granules on the order of the grain size. However, for granular plasticity to occur in the continuum sense as described above, a multitude of cracked grains in a local area need to act in concert. Thus, granular flow will only occur if the damage D = 1 extends over a region of some finite size rather than just a local material point.
(ii) Damage also results in a softening of the material and a loss of ellipticity of the governing equations. This usually results in predictions that are sensitive to the size and type of FE mesh. However, introducing a damage length scale by employing a non-local damage model alleviates the mesh dependency of the predictions.
Here we use an integral non-local formulation [23, 24] 
where q is an exponent that governs the rate of the transition. For consistency, the friction angle is also increased from ω = 0 when D = D 0 to its value ω 0 in the fully comminuted state using
Finally, the reference granular strain rate is increased fromε s = 0 at D = D 0 (i.e. no granular plasticity without microcracking) so thaṫ ε s =ε s0
Target geometry and material parameters
The objective of the study is to develop a physical understanding of the penetration of confined ceramic targets as opposed to a direct comparison between numerical predictions and measurements. Thus, the simulations were designed to analyse [1, 5, 6] rather than mimic one of their specific experiments. The intent is to vary both the target geometry and its material properties to investigate the dependence of the penetration response on these properties. Since Gamble et al. [19] and Compton et al. [20] have calibrated the Deshpande et al. [18] ceramic constitutive model against a range of experiments on the Corbit-98 Alumina, this motivates our choice for this ceramic to serve as a reference. Here we detail the reference target geometry and ceramic properties that are chosen to represent the Corbit-98 fine-grained Alumina (grain size d ∼ 3 µm).
The reference properties of the Alumina are listed in Table 1 . Unless otherwise specified, results are presented for two classes of materials: (i) the Alumina described by the material properties listed in Table 1 and (ii) a reference non-damaging ceramic with properties identical to Alumina except that microcracking is switched off by setting K IC = ∞. This reference is used to isolate the effect of cracking on the penetration response.
Experimental validation of the model
The aim of this study is to investigate fundamentals of the deformation and failure mechanisms operative during the penetration of the ceramics in a long-rod penetration test rather than model a specific experiment. However, prior to proceeding with the generic study it is important to confirm the validity of the approach and importantly the material model in capturing experimental observations.
The material model described in Section 2 has been validated against a series of experiments of steel balls impacting Alumina targets [20] . However, this validation was conducted in a relatively low velocity regime (impact velocities typically less than Alumina cylinder on [25] was encased in a steel jacket of thickness h S = 2.5 mm while the top and bottom caps had dimension h T = 1.6 mm. Subramanian and Bless [25] reported that an impact experiment with v 0 = 1500 ms −1 resulted in interface defeat while target penetration ensued at a Tungsten long-rod impact velocity v 0 = 1750 ms −1 . We conducted penetration simulations using the setup shown in Fig. 2a and dimensions identical to the setup of Subramanian and Bless [25] . Loading due to the long-rod was imposed by applying a pressure p(r) on the target as detailed in Section 2. Predictions of the penetration versus time response are included in Fig. 4 for v 0 in the range 1500 ms . 2b ) and time t = 0 corresponds to the instant the pressure was applied. After a small initial deformation, the penetration is arrested for v 0 = 1500 ms −1 in line with the observation of interface defeat at this velocity. Further, much in line with the observations reported in [25] continued penetration after a short dwell period is predicted for impact at v 0 = 1850 ms −1 (i.e. the predicted penetration velocity is about 5% higher than that reported in [25] ). This agreement is obtained in spite of numerous simplifications in the model that include: (i) not explicitly modelling the Tungsten long-rod and the penetration through the steel top-cap and (ii) restricting the model to axi-symmetric states such that radial cracking is excluded. In fact radial cracking was also observed in the low velocity experiments reported in [20] but again an axisymmetric model sufficed to capture the majority of observations. We thus conclude that the relatively simple model developed here has sufficient fidelity to capture the critical deformation and failure mechanisms in the Lundberg test. We shall thus proceed to use this model to perform parametric studies to develop a fundamental understanding of the penetration process.
Parametric predictions of the penetration response
The main aims of the numerical study are: With this in mind three sets of non-dimensional quantities are defined to aid the investigation: (a) Non-dimensional structural length-scales: These are the specimen aspect ratio H/L, the non-dimensional casing thickness h/L and the ratio of the specimen to long-rod radii L/a. (b) Non-dimensional material length scales: The ratio of structural loading length scale to material length scales will govern material size effects in the penetration response. With the radius of a longrod being the primary loading length scale, we define ℓ D /a, ℓ p /a and ℓ g /a as the non-dimensional material length scales associated with damage, lattice plasticity and granular plasticity respectively. (c) Non-dimensional material properties: The key ceramic material parameters are the yield strength and toughness. The nondimensional groups associated with strength and toughness are
, respectively.
The three aims discussed above can be addressed by varying each of these groups in turn. Unless otherwise specified, all material parameters are held fixed at the values listed in Section 2. 
The origins of interface defeat and dwell
With the aim being to develop an understanding of interface defeat and dwell, we first consider the reference non-cracking ceramic in order to isolate the effect of microcracking and vary the structural length scale L/a. Since a is held fixed at 1 mm this implies we are changing the target size relative to the impacting long-rod while all other non-dimensional groups are held fixed.
Predictions of penetration δ versus time t for the L/a = 5 and 10 targets comprising the reference non-damaging ceramic are plotted in Fig. 5a and b, respectively. The predictions clearly show the three regimes discussed in the introduction, viz. (i) an interface defeat regime where after some initial penetration no further penetration is observed for impact velocities below a critical value v c ;
(ii) at intermediate velocities there is a dwell regime followed by a sudden onset of penetration and (iii) a penetration regime at high velocities where penetration occurs with no intervening period of dwell. The key finding is that both the L/a = 5 and 10 targets have a similar response except that the long-rod impact velocities are all lower for the same penetration behaviour in the smaller target. For example, the interface defeat velocity v c is lower in the L/a = 5 target compared to the larger L/a = 10 target and thus for a given impact velocity v 0 the dwell time is longer in the larger target. We proceed to investigate the physics behind these numerical observations. The evolution of the deformation and equivalent plastic strain respectively. An approximately spherical plastic zone is seen to propagate from the impact site. The evolution of this zone halts at t ≈ 2 µs for the v 0 = 1800 ms −1 case consistent with interface defeat observed in Fig. 5b . However, the plastic zone continues to evolve in the v 0 = 1900 ms −1 in line with the continued penetration predicted for this velocity (Fig. 5b) . To further illustrate the evolution of the plastic zone we include in Fig. 7a and b plots of the variation of the effective plastic strain ε p e along the central axis of the target at selected times t for the L/a = 5 and 10 targets, respectively. In Fig. 7 , the co-ordinate y is the distance below the target surface in the undeformed configuration along r = 0 (Fig. 2a) . An impact velocity v 0 = 1800 ms steady penetration commences in both targets (at t ≈ 2 µs for the smaller target and t ≈ 10 µs for the larger target), the plastic strain distributions within the targets are very similar. We now employ these observations to rationalise both the target size dependence of the response as well the fact that we get dwell followed by penetration for loading with a constant downward force, i.e. with no FSI effect as in Uth and Deshpande [13] .
In the interface defeat regime, while the loading due to the long-rod is hydrodynamic, the ceramic target is deforming nearly quasi-statically with in fact deformation rates within the ceramic tending to zero at large times. Thus, the spherical expansion of the plastic zone in Fig. 6 is consistent with the Bishop et al. [26] quasistatic hypothesis that deep penetration of a plastic solid occurs by the expansion of a cavity from a radius of zero to the radius a of the penetrating punch. In a sphere with initial outer radius b 0 , the steady pressure p ss required for this expansion given as by [27] 
where ξ is the radius of plastic zone as sketched in Fig. 8 . Moreover, for the expansion of a cavity of zero initial radius, the ratio ξ /a is independent of b 0 and given by .2) i.e. as per the Bishop et al. [26] hypothesis continued penetration occurs when the plastic zone attains the critical value given by Eq. (4.2) independent of the target size. This is consistent with the numerical results in Fig. 7 . Moreover, the minimum pressure p c required to ensure continued penetration is given by substituting Eq. (4.2) into Eq. (4.1). Then interpreting b 0 with the radius L of the target we obtain
, (4.3) and an estimate for the interface defeat velocity then follows from Eq. (2.1) as . The three regimes of penetration can be rationalised as follows.
Below v c there is insufficient pressure to allow continued penetration by the expansion of the spherical cavity while for higher impact velocities, the pressure is sufficient to develop a plastic zone of size ξ given by Eq. (4.2). However, this zone takes a finite time to establish and this is the dwell period of the response. The propagation of the plastic wave that sets this plastic zone is impact velocity dependent due to the rate sensitivity of the plastic response, and hence the dwell time decreases with increasing v o until penetration occurs without any noticeable dwell period. Since v c decreases with decreasing L/a it follows that all these responses are shifted to lower velocities for the smaller targets. It is important to emphasise that while the spherical cavity expansion explanation based on Eqs. (4.1)-(4.4) is qualitatively accurate, quantitative agreement with the numerical results is not to be expected. This is because the real target is a rate sensitive and strain hardening plastic material surrounded by an elastic casing. The simple plastic cavity expansion expressions detailed above are for a rate independent, non-hardening solid and of course neglect the outer casing of a confined target. We have thus shown that the regimes of the penetration response are at-least qualitatively reproduced in a target without cracking mechanisms. Moreover, the dwell behaviour is not necessarily caused by an FSI effect but rather related to the time required for the plastic zone to acquire a critical size. Of course, backflow of the deforming Tungsten longrod and the consequent increase in the downward force resulting in a FSI effect will further increase penetration rates as discussed in Uth and Deshpande [13] .
An immediate question that then arises is: what is the effect of cracking/damage that is commonly argued [10, 16] to be critical in such experiments on ceramic targets? Numerical predictions of the penetration response of an Alumina target are included in Fig. 5c and d for the L/a = 5 and 10 targets. The qualitative responses are very similar to the case of the non-damaging targets with the three regimes of behaviour observed. However, all the impact , respectively. Now spherical expansions of both a damage zone and plastic zone are observed and it follows that the physical origins of the three regimes are similar to that discussed for non-damaging target materials. However, a crucial difference exists. The governing softening process in Alumina is now a combination of damage and lattice plasticity and hence penetration occurs when the overall inelastic zone containing damage and lattice plasticity attains a critical size with the dwell time governed by the time for this inelastic zone to establish. Thus, the interface defeat velocity and consequently all the other velocities in Fig. 5c and d are lower than the corresponding velocities in Fig. 5a and b as damage reduces the strength of the target and permits easier penetration. These numerical calculations are in agreement with previous hypotheses [10, 16] that the dwell time in ceramic targets is set by the time for a damage zone to grow to a critical size. However, this damage is not essential, and the same phenomena can occur via only lattice plasticity. This is consistent with the no comminution observed in WC, and B 4 C targets although of course we recognise that a direct analogy may not be appropriate as other deformation mechanisms such a phase transformations might be prevalent in ceramics such as B 4 C.
The structural/material size effect
The structural size effect (Fig. 1c) wherein the interface defeat velocity increases with decreasing long-rod radius in geometrically self-similar specimens suggests that internal material length scale(s) dependent effects are operative. Such size effects are wellknown in crystalline metals where the strength in compression, bending, torsion and indentation [28] has been found to increase with decreasing structural size. This size effect is related to length scales associated with dislocation structures in crystalline metals and is typically not operative for structural lengths greater than a few microns. The structural size effect in Fig. 1c is operative in the millimetre length scale and thus cannot be related to this well-established dislocation structure related size effects. Other rationalisations such as statistical variations of flaws [12] too are problematic since these flaws are present at spacings on the order of the grain size which again suggests that these size effects would be absent in the millimetre length scale. Nevertheless, no full scale penetration calculations have been reported to-date to probe the origins of this size effect and this is the focus here. Increasing ℓ p implies a larger effect of material viscosity which in turn increases material strength and thereby reduces penetration for a given impact velocity. Similarly, a larger ℓ D means that a high stress is required over a larger volume of the material in order to cause softening of the material by cracking. This also has the net effect of strengthening the material.
The calculations predict a structural size effect with smaller, geometrically self-similar targets becoming increasingly harder to penetrate. In order to make more direct contact with the measurement shown in Fig. 1c , predictions of the interface defeat velocity v c are included in Fig. 11b for geometrically self-similar Alumina targets parameterised by the radius a of the Tungsten long-rod. Results are shown in Fig. 11b for three choices of the damage length ℓ D . Consistent with experimental measurements (Fig. 1c) , v c decreases with increasing a and plateaus out for a ≥ 4 mm for all ℓ D values considered here. Moreover, v c increases with increasing ℓ D for a given a. We emphasise that in Fig. 11b , for a given ℓ D , the drop in v c with increasing a is due to both the plasticity and damage length scales as both ℓ p /a and ℓ D /a decrease with increasing target size.
Effect of material properties on penetration response
The analysis of the penetration of confined ceramic targets has mainly been performed using phenomenological models such as the JH [10] model. The parameters of these models cannot be directly related to material properties such as yield strength and toughness. However, the micro-mechanical model used in this study does enable the effect of ceramic yield strength and toughness on the interface defeat velocity v c to be explored. All calculations are presented for the reference target size with L/a = 10 and material parameters also held fixed at their reference values listed in Section 2.1.2 except for the yield strength σ Y and toughness K IC . These two parameters are varied and their effect on v c is quantified.
In order to make more direct contact with engineering values of these material properties we present the results directly in terms of σ Y and K IC rather than the corresponding non-dimensional quantities. Varying σ Y of course implies that the material viscosity η and consequently ℓ p is also varied and thus in these simulations ℓ p /a is not held fixed while ℓ D /a is fixed at its reference value.
Predictions of v c as function of the yield strength σ Y are included in Fig. 12a for three choices of the fracture toughness K IC .
The asymptotes for σ Y → ∞ are included in Fig. 12a for this Alumina will have a relatively minor benefit in increasing the interface defeat velocity while an enhancement in the yield strength is predicted to have a greater benefit. We emphasise that this conclusion of increasing the yield strength to enhance penetration performance while true for the relatively low yield strength Alumina, is not expected to hold for high yield strength ceramics such as SiC where most likely the opposite will be true. Moreover, it remains unclear whether maximising performance in a Lundberg test will translate to performance enhancements in an armour system -such an investigation while critical is beyond the scope of this study.
Concluding remarks
The dynamic penetration of confined ceramic targets by Tungsten long-rod penetrators has been investigated via finite element (FE) calculations. The ceramic is modelled using a mechanismbased constitutive model that directly relates the ceramic behaviour to fundamental material properties such as strength and toughness. The computational model has been kept necessarily simple in so much as that the penetrator and the penetration through the outer casing is not explicitly modelled. Rather, loading due to the long-rod is approximated to be hydrodynamic and a pressure directly applied on the ceramic surface. This is done so as to focus on the penetration mechanisms into the ceramic and keep the general conclusions applicable to the wide variety of experiments reported in the literature rather than a specific situation. Nevertheless, three penetration regimes, viz. interface defeat, dwell followed by penetration and penetration with no or short dwell emerge from the calculations both when ceramic microcracking is included and excluded. In fact, the calculations demonstrate that penetration occurs by a spherical cavity expansion mode and thus continued penetration occurs when the loading is sufficient to grow the inelastic zone (which could be either a plastic or a damage/comminuted zone) to a critical size. The dwell time is set by the time required to establish this critical size of the inelastic zone. The key role of comminution/damage is to reduce the pressure required for penetration. Moreover, the calculations show that the so-called fluid-structure interaction (FSI) effect resulting from the backflow of the deforming projectile is not essential for the existence of the three regimes of penetration.
The mechanism-based model includes three material length scales: (i) a lattice plasticity length scale related to material rate dependence; (ii) a damage length scale associated with the size of the comminuted zone required for granular flow to occur and (iii) a length scale associated with the rate dependence of granular plasticity. We demonstrate that the lattice plasticity and damage length scales are typically comparable to the penetrator radius and are therefore the source of the strong penetration size effect observed in experiments. In particular, in line with observations, the calculations predict that the interface defeat velocity increases, as the setup is scaled-down in a geometrically self-similar manner. This is because the wavelengths associated with deformation become large compared to the material length scales and this effectively strengthens the ceramic.
The FE calculations are also used to probe the influence of material strength and toughness on the interface defeat velocity. Two regimes of behaviour emerge from the calculations. At low strength, material toughness has a negligible influence with the penetration being plasticity-dominated while at high strengths microcracking governs penetration with toughness having a major effect but strength playing only a minor role. The commonly used Corbit-98 Alumina is shown to lie at the boundary between these two regimes at a location where increasing the strength of this Alumina will have a greater influence on enhancing the penetration resistance rather than increasing its toughness.
Appendix. Summary of coefficients for the microcracking model
The coefficients A, B, C and E required to calculate K I for the microcracking model are derived in Deshpande and Evans [17] . while 6) and
(A.7)
In the above expressions, β = 0.45 is a coefficient introduced by Ashby and Sammis [29] to covert the exact two-dimensional wing crack solutions to a three-dimensional state while µ = 0.75 is the friction coefficient between the crack faces as calibrated for Alumina by Gamble et al. [19] . The coefficients C and E are defined as 9) with the parameter γ calibrated to recover the correct tensile strength of Alumina. This calibration sets it to be γ = 2.
